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Editor: M. Doser The first measurement of the polarisation of coherently photoproduced J∕� mesons in ultra-peripheral Pb–Pb
collisions, using data at 

√

�NN = 5.02 TeV, is presented. The J∕� meson is measured via its dimuon decay 
channel in the forward rapidity interval −4.0 < � < −2.5 using the ALICE detector at the CERN LHC. An event 
sample corresponding to an integrated luminosity of 750 �b−1 ± 5% (syst) is analysed. Hadronic activity is 
highly suppressed since the interaction is mediated by a photon. The polar and azimuthal angle distributions of 
the decay muons are measured, and the polarisation parameters ��, �	, ��	 are extracted. The analysis is carried 
out in the helicity frame. The results are found to be consistent with a transversely polarised J∕� . These values are 
compared with previous measurements by the H1 and ZEUS experiments. The polarisation parameters of coherent 
J∕� photoproduction in Pb–Pb collisions are found to be consistent with the �-channel helicity conservation 
hypothesis.

1. Introduction

The study of vector meson photoproduction at high energies has re-
ceived great interest in recent years [1–3]. Ultra-peripheral collisions 
(UPCs) at the CERN Large Hadron Collider (LHC) allow access to the 
highest available photon energies for such photon–induced interactions. 
In UPCs, the impact parameter is larger than the sum of the radii of the 
two colliding nuclei, so they are beyond the range of the nuclear force 
and do not interact hadronically. A quasi-real photon is emitted from 
one of the charged nuclei and this in turn might fluctuate into a quark–
antiquark pair, which can scatter elastically off the other nucleus. Vector 
meson photoproduction off nuclei can be either coherent, with the pho-
ton coupling coherently to the nucleus as a whole, or incoherent, where 
instead the photon couples to a single nucleon. Much emphasis has been 
put on how this process could give access to space and momentum fea-
tures of the momentum distribution of gluons of the hadronic target. In 
particular, several model calculations indicate that vector meson photo-
production is sensitive to nuclear modifications of the partonic structure 
for gluons that carry a rather small fraction of the momentum of the nu-
cleons [4,5]. Kinematics dictates that the momentum fraction carried by 

the gluons is given by 
 =
�J∕�
√

�NN
�±�, where �J∕� is the mass of the J∕� , 

� is the rapidity, and 
√

�NN is the centre-of-mass rapidity per nucleon–
nucleon collision. For rapidities � ≠ 0 one thus has a two-fold ambiguity 
in the value of 
. In the middle of the acceptance of the muon spectrome-
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ter � = −3.25. This corresponds to 
-values of 2×10−3 and 5×10−5. The 
largest contribution to the cross section comes from the higher value. Re-
cent experimental data from ALICE, CMS, and LHCb [6–10] have found 
experimental evidence of gluon shadowing [11].

In previous analyses of exclusive vector meson photoproduction off 
protons at lower energies, using both real and virtual photons, the vec-
tor meson has generally been found to have transverse polarisation, 
as would be expected if the vector meson keeps the polarisation of 
the incoming photon (�-channel helicity conservation, SCHC) [12,13]. 
However, although early results from SLAC [14] and from the CERN 
SPS [15] with 
0 mesons produced from real photons are consistent 
with SCHC, a much more recent study of 
0, �, and � photoproduction 
from CLAS [16–18] reports violation of SCHC.

Exclusive photoproduction of vector mesons has also been studied 
at HERA in ep collisions. Both the H1 [19] and ZEUS [20] collabo-
rations observed transverse polarisation in J∕� photoproduction, thus 
favouring SCHC, in their photoproduction data. Note that at HERA, pho-
toproduction, at very low photon �2 (�2 ≲ 0.05 GeV2), is distinguished 
from electroproduction at somewhat higher �2 , even though both are 
photon–hadron interactions. Here �2 is the four-momentum transfer 
squared from the lepton to the nucleon vertex. In electroproduction the 
photon is more virtual, and can be partially longitudinally polarised. 
Accordingly, in J∕� electroproduction the degree of longitudinal po-
larisation is seen to increase with �2 [21]. Photoproduction can also 
be studied in heavy-ion UPCs. Polarisation measurements have been re-
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ported by STAR for 
0 photoproduction [22] in collisions of gold nuclei 
at RHIC, and are consistent with SCHC.

For all previous vector meson photoproduction analyses at the LHC, 
when calculating the experimental acceptance, the vector meson has 
been assumed to have the same helicity as that of the initial photon 
that interacted with the target, i.e. SCHC. Since there is no fundamental 
physics principle that justifies SCHC, new polarisation and spin param-
eter measurements of photoproduced vector mesons at high energies 
could provide important insights.

In this Letter, the first polarisation measurement of coherent J∕�
photoproduction in ultra-peripheral Pb–Pb collisions at 

√

�NN = 5.02
TeV is presented. These events are defined by the reaction � + Pb →

J∕� + Pb, where the photon is emitted from one of the two colliding 
lead nuclei, and the J∕� meson is reconstructed in the forward rapidity 
interval −4.0 < � < −2.5.

2. Detector description

The ALICE detector and its performance are described in [23,24]. 
Muons from J∕� decays are measured in the single-arm muon spectrom-
eter. For coherent J∕� photoproduction, the hadron activity is required 
to be highly suppressed. For this reason, vetoes are applied using the V0 
and ALICE Diffractive (AD) detectors. The muon spectrometer covers the 
pseudorapidity interval −4.0 < � < −2.5. It consists of a ten interaction 
length absorber followed by five tracking stations, the third of which is 
placed inside a dipole magnet with a 3 Tm integrated magnetic field, 
a 7.2 interaction length iron wall, and a trigger system located down-
stream of the iron wall. Each tracking station is made of two planes of 
cathode pad chambers, while the trigger system consists of four planes 
of resistive plate chambers arranged in two stations. Muon tracks are 
reconstructed using the tracking algorithm described in [25]. The V0 
detector is composed of the V0A and V0C sub-detectors, consisting of 
32 cells each and covering the pseudorapidity intervals 2.8 < � < 5.1

and −3.7< � < −1.7, respectively. The AD detector [26] is composed of 
the ADC and ADA sub-detectors with 4 cells each, located at −19.5 m 
and +16.9 m along the beam direction from the interaction point and 
covering the pseudorapidity intervals −7.0 < � < −4.9 and 4.7 < � < 6.3, 
respectively [27]. The V0 and AD detectors are scintillator arrays with a 
time resolution better than 1 ns, allowing a distinction between beam–
beam and beam–gas interactions.

3. Data selection and analysis

This analysis follows the same selections as those recently described 
in [28], which combines the ultra-peripheral Pb–Pb datasets at centre-
of-mass energy per nucleon–nucleon collision 

√

�NN = 5.02 TeV col-
lected in 2015 and 2018. The resulting dataset corresponds to an in-
tegrated luminosity of about 750 �b−1 ± 5% (syst). The UPC event 
sample was recorded using a hardware trigger that requires at least 
two unlike-sign tracks in the muon spectrometer, and no activity in 
the V0A, ADA, and ADC detectors. The use of these forward detectors 
ensures the exclusivity condition. The single muon threshold for the 
transverse momentum �T for the muon trigger system has been set to �T
= 1 GeV/� [29]. At the offline level further selections are applied. First, 
exactly two unlike-sign tracks are required in the muon spectrometer, 
where both tracks must be compatible with high-quality reconstructed 
muons as described in [28]. The tracks must fulfil the requirement on 
the radial coordinate of the track at the end of the absorber, and on the 
extrapolation to the nominal vertex [30]. Track segments in the tracking 
chambers are matched with corresponding segments in the trigger cham-
bers. In addition, each muon and each dimuon are required to be in the 
pseudorapidity −4.0 < � < −2.5 and rapidity −4.0 < � < −2.5 intervals, 
respectively. In order to select events where coherent J∕� production is 
strongly enhanced, the dimuon �T is required to be less than 0.25 GeV/�, 
effectively rejecting most of the non–coherent J∕� events as discussed 
in [28]. Finally, the V0A, ADA, and ADC vetoes are applied, and up to 

two hits are allowed in V0C, since the V0C acceptance overlaps with the 
that of the muon spectrometer. These offline level selections have wider 
time windows than those used for the trigger electronics, together with 
a more refined algorithm, allowing for a more precise rejection. Possible 
V0 and AD detector veto inefficiencies could originate from independent 
hadronic or electromagnetic pile-up interactions. The mean efficiency 
correction factor is 95%, accounting for V0A and AD veto inefficiencies, 
while the V0C veto is found to be fully efficient. Since the angular dis-
tributions studied in this analysis are not affected by the forward veto 
selections, only the muon-related efficiencies are considered.

The detector acceptance and efficiency (�×�) for J∕� and for � ′ are 
evaluated using a sample of events generated with STARlight 2.2.0 [31], 
which models the J∕� as transversely polarised. The decay muons are 
then propagated using a model of the detector implemented in GEANT 
3.21 [32] with realistic conditions. They are then reconstructed with the 
same algorithm as that used for the experimental data. This sample is 
also used to construct the response matrices which are needed for this 
measurement. Typical values of the �× � range from 0.41 for cos � ∼ 0, 
and down to 0.024 at the limit of the acceptance i.e. cos � ∼ 0.56 (see 
next section for definition of �).

4. Angular distributions

The angular distribution (W) of the decay muons is described in 
terms of the three polarisation parameters �� , �	, and ��	 using the 
following expression as a function of the polar angle � and of the az-
imuthal angle 	, which respects parity conservation [33]:

� (cos�,	) ∝
1 

3 + ��

[

1 + �� cos2 � + �	 sin2 � cos2	

+��	 sin 2� cos	
]

.
(1)

It is also possible to study the data by using the following expressions

� (cos�) ∝
1 

3 + ��

[

1 + �� cos2 �
]

,

� (	) ∝ 1 +
2�	

3 + ��
cos2	 ,

(2)

obtained by integrating Eq. (1) in the corresponding angular variable.
The polarisation parameters quantify the degree of polarisation. 

When all parameters are consistent with zero, an isotropic angular dis-
tribution is obtained. When (�� , �	, ��	) = (1,0,0) the vector meson is 
transversely polarised, while (�� , �	, ��	) = (−1,0,0) corresponds to a 
purely longitudinal polarisation.

The angular distribution of the decay muons is studied using the 
helicity frame. This frame has been used in recent studies of the polar-
isation of inclusive J∕� production in pp and Pb–Pb collisions by the 
ALICE Collaboration [34–37], and by the PHENIX Collaboration in pp 
collisions [38]. In the helicity frame the �-axis coincides with the flight 
direction of the J∕� in the Pb–Pb centre-of-mass frame. The �-axis is per-
pendicular to the plane formed by the collision axis and the direction of 
the J∕� in the Pb–Pb centre-of-mass frame, while the 
-axis is chosen 
so as to have a right-handed triplet [39]. The angles refer to the direc-
tion of the positive decay muon in this frame. Another commonly used 
definition of the axes is the Collins–Soper frame [33]. For J∕� events at 
low �T both frames are compatible, so results are only reported in terms 
of the helicity frame. The use of different reference frames has also been 
justified in terms of how the background could behave differently than 
the signal in the various frames. As discussed below, the background in 
this analysis is small which is expected for coherent J∕� events.

To extract the J∕� yield, the dimuon invariant mass distribution 
is fitted in the interval 2.2 < ��� < 6.0 GeV/�2, requiring in addition 
that �T < 0.25 GeV/� to enhance the contribution from coherent pro-
duction. The study is performed in twenty-four bins of cos� over the 
interval −1 < cos� < 1, and six bins in 	 in the interval between 0 
and 2�, to obtain yields in intervals of cos � and 	. As an example, 
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Fig. 1. A fit to the raw invariant mass (a) and �T distributions for events in the 
−0.20 < cos� < −0.12 range evaluated in the helicity frame. The bottom panel 
(b) shows the dimuon �T around the J∕� mass range. The displayed uncertain-
ties are statistical.

Fig. 1(a) shows the invariant mass distribution of coherent J∕� candi-
dates in the interval −0.20 < cos� < −0.12. We follow the procedure 
described in [28] for fitting the invariant mass distributions. The data 
are fitted to a background model (dimuon continuum) and to a signal 
model (J∕� and � ′ resonances). For the background, the fitting func-
tion is given by a fourth-order polynomial multiplied by an exponential. 
The exponential component becomes important for ��� > 4.0 GeV/�2. 
The coefficients of the polynomial function are fixed to those obtained 
from Monte Carlo simulations using the STARlight [31] generator for 
the �� ⟶ �+�− process. The exponential tail behaviour is expected for 
such an electromagnetic process. At low dimuon masses the detector 
acceptance decreases due to the trigger requirement, so the exponen-
tial part is not needed and a simple fourth-order polynomial is used. 
The J∕� and � ′ signals are fitted with one-sided Crystal Ball func-
tions [40]. The parameters for the Crystal Ball functions are fixed to 
those obtained from Monte Carlo templates. The mean and width of 
the J∕� peak are free parameters in the fit. The mean of the � ′ peak 
is fixed to the world average value [41] and its width to that of the 
J∕� multiplied by the ratio of the widths of the � ′ to the J∕� , as mea-
sured from the analysis of reconstructed STARlight events. The ratio is 
approximately 1.09.

Fig. 2. Two-dimensional angular distribution of coherent J∕� candidates in the 
helicity frame, after being unfolded in 	 and corrected for �× � in cos�.

The J∕� yield extracted from the fit to the invariant mass distribu-
tions comprises five contributions, namely (i) coherent production, (ii) 
incoherent production, and (iii) feed-down J∕� production from coher-
ent � ′ production, incoherent � ′ production, and (v) incoherent J∕�
production with associated nucleon production. To extract the coherent 
J∕� yield, the residual background has been estimated from fits to the 
dimuon �T distribution. This is possible since the various processes have 
different momentum distributions of the produced J∕� mesons. Incoher-
ent J∕� photoproduction accompanied by nucleon dissociation was also 
taken into account in order to describe the high �T tail, using a template 
based on the H1 parametrization of the dissociative J∕� photoproduc-
tion [42]. Following this approach, which has been described in a recent 
publication [28], the background contribution is found to be smaller 
than 4.6% for the integrated cos � and 	 intervals used in this anal-
ysis. Note this fraction does not include the �� ⟶ �+�− background 
which has been subtracted from fits to the invariant mass distribution, 
as described above. Since the residual background is small, and assum-
ing that those J∕� events have the same polarisation to that of coherent 
J∕� events, their contributions are not subtracted from the sample. The 
J∕� yield is estimated from the dimuon invariant mass distribution in 
a number of (cos(�), 	) cells assuming it all to be coherent. For illustra-
tion purposes, Fig. 1(b) shows the �T distribution of candidates in the 
J∕� invariant mass peak region (2.85 <��� < 3.35 GeV/�2) and in the 
same cos(�) interval of Fig. 1(a).

To correct for detector effects, the data are unfolded and corrected 
for � × � in cells of cos� and 	, and in the 1D distributions, � × � cor-
rections are applied to the data in cos �. Since the STARLight Monte 
Carlo has been found to give a reasonable description of the data, in 
particular for coherent J∕� production (low �T events) at forward ra-
pidity, we take this to be a natural starting point. The unfolding uses the 
Bayes’ iterative method [43] as implemented in the RooUnfold frame-
work [44]. The number of iterations in the unfolding procedure was set 
to fifteen. This number was found to be optimal at minimising the aver-
age uncertainty, following the prescription discussed in [45]. Since the 
generated cos� is recovered in the reconstructed cos� with a spread 
smaller than the bin width, bin migration effects are negligible and the 
data do not need unfolding in cos�. Therefore, as in addition the sample 
size is small, the unfolding is performed only for 	, as described below. 
Fig. 2 shows the corrected J∕� distribution in cos� and 	, where the 	
distribution in addition has been unfolded. The unfolding procedure in-
creases the uncertainties on the estimated number of J∕�s in each cell 
significantly. The first step is to fit the cos � distribution as a 1D distri-
bution, treating the uncertainties in each bin as independent of those of 
the other bins. The cos� distribution is fitted using a �2 fitting method 
and the equivalent of Eq. (2) with the normalisation modified to take 
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Table 1
Summary of the systematic uncertainty contributions, presented as absolute val-
ues. The cos� range systematic uncertainty refers to the fitted range variation, 
the signal extraction to the choice of the description of the J∕� , the unfolding 
systematic uncertainty is due to the choice of the number of iterations, the re-
sponse matrix refers to the input distribution in generating the matrix, and the 
trigger systematic uncertainty is associated to the single muon �T selection used 
for the trigger efficiency calculation.

Systematics 1D 2D 

�� �� �	 ��	

cos� range 0.079 0.142 0.002 0.056 
signal extraction 0.002 0.026 0.002 0.008 
unfolding 0.0 0.019 0.004 0.004 
response matrix 0.010 0.009 0.008 0.004 
single muon �T threshold 0.203 0.196 0.022 0.019

Total 0.218 0.244 0.023 0.060 

into account the actual limits of integration, −0.5 < cos� < 0.583. This 
gives �� = 0.93 ± 0.05(stat) ± 0.22(sys).

For the 	-related parameters �	 and ��	, the 2D distribution is re-
quired, giving the best estimates of the content of each (cos �,	) cell, 
where the 	 distribution is unfolded independently in each cos � band. 
As the contents of the unfolded cells for a given cos � are correlated, 
an (input) covariance matrix was determined separately for each cos �
band. The contents of each cell and their uncertainty, as determined be-
fore any unfolding from the fit to the invariant mass distribution, are 
used to generate 10000 samples with fluctuating contents according to 
a normal distribution. The contents of all bins are varied simultaneously, 
and the unfolding algorithm applied. The covariance matrix for the cell 
contents after unfolding is evaluated using cov(
, �) =< 
� > − < 
 ><

� >. Finally, the whole (2D) angular distribution is fitted with Eq. (1), 
using a �2 method, the unfolded contents for the central values in each 
cell, and the set of convariance matrices. A free fit for all three param-
eters yields �� = 0.82 ± 0.44, �	 = 0.03 ± 0.04, and ��	 = 0.10 ± 0.09. 
However, for the final fit the �� value has been fixed to the value ob-
tained from the 1D fit, allowing only �	 and ��	 to vary. The �

2∕���

for this final fit is 114.2∕175.
Table 1 presents a summary of the various sources of systematic un-

certainty on the measurement of the polarisation parameters for coher-
ent J∕� mesons. To study how the polarisation parameters vary as the 
acceptance changes when cos� increases, the polar angle distribution 
is fitted in the cos � ranges [−0.5,0.583] and [−0.5,0.5], as the analy-
sis is carried out in a restricted cos � interval. The observed variation is 
taken as a systematic uncertainty. The uncertainty from the signal ex-
traction is estimated by changing the J∕� line shape from a single-sided 
Crystal Ball function to a double-sided one. The background fraction is 
thus adjusted accordingly in the fit. The uncertainty from the unfold-
ing is assessed by varying the number of iterations by ±1 with respect 
to the number chosen for the central value. The impact of the response 
matrix as a source of systematic uncertainty in the results is also investi-
gated. Three different matrices corresponding to transverse polarisation, 
flat distribution and longitudinal polarisation have been used, and the 
differences in the fitted parameters were evaluated to determine the 
corresponding systematic uncertainty. Another source of systematic un-
certainty is the trigger and tracking efficiency. This is studied by varying 
the offline �T selection from 0.85 to 1.15 GeV/� for single muons, cor-
responding to a ±5% variation on the trigger efficiency. The choice of 
�T selection and the cos� range are correlated. The larger the �T, the 
smaller the allowed cos � range. Finally, the global systematic uncer-
tainty on the polarisation parameters is obtained by adding the results 
of the various sources in quadrature.

5. Results and discussion

The projections of the angular distribution of the yield of coherently 
produced J∕� in terms of cos� and 	 are shown in Figs. 3(a) and 3(b), 

Fig. 3. Projections of the coherent J∕� data points in (a) cos� and (b) 	, for 
events in the −4 < � < −2.5 rapidity interval. The curves are obtained by setting 
the lambda parameters in Eq. (2) to the results of the fit to the distribution given 
in Table 2. The uncertainties on the data points are statistical.

Table 2
Measured polarisation parameters for coherent J∕� in the helicity frame. The 
central values are given with statistical and total systematic uncertainties.

�� �	 ��	

0.93 ± 0.05 ± 0.22 0.03 ± 0.04 ± 0.02 0.10 ± 0.09 ± 0.06

respectively. The numerical values of the polarisation parameters are 
given in Table 2. The numerical values of the polarisation parame-
ters are given in Table 2, with the statistical uncertainty defined using 
Δ�2 = 2.3, since this is a two-dimensional distribution [46,47], and the 
systematic error calculated as described above. Note that the �� result 
is taken from the 1D fit. The results are found to be consistent with 
(�� , �	, ��	) = (1,0,0), i.e. transverse polarisation, and they satisfy the 
required positivity constraints [48].

Alternative formalisms exist for describing the polarisation param-
eters [13,48,49]. In order to provide a comparison with H1 [19] and 
ZEUS [20] results, the measured �� and �	 values are converted to 
spin-density matrix elements �ik

��′
[13]. The conversion from lambda pa-

rameters to spin-density matrix elements �ik
��′

can be obtained from the 
following expressions [19]:
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Fig. 4. ALICE results displayed in terms of spin density matrix elements, along 
with statistical and systematic uncertainties. A comparison with the available 
lowest �2 ranges of the results from the H1 and ZEUS collaborations is also 
provided. H1 results [19] correspond to �2 ∼ 0.05 GeV2 consistent with photo-
production, while the shown ZEUS measurement [20] is for 2<�2 < 5 GeV2.

� (cos�) ∝ 1 + �04
00

+ (1 − 3�04
00
) cos2 �

� (	) ∝ 1 + �04
1,−1

cos2	 .
(3)

By comparing Eq. (2) and Eq. (3), the spin-density matrix elements are 
expressed as:

�04
00

=
1 − ��

3 + ��

�04
1,−1

=
�	

2 
(1 + �04

00
) .

(4)

Fig. 4 shows the results of the comparison. In this analysis, the HERA 
measurements are given in the helicity frame. The ALICE result pre-
sented in Fig. 4 is compatible with the H1 measurement, which also 
uses a photoproduction sample (�2 ≲ 0.05 GeV2), and is lower than the 
ZEUS measurement, which uses a sample with 2 < �2 < 5 GeV2 [20]. 
This is the lowest �2 point in the ZEUS range, and it can be seen to be 
tending towards the photoproduction value found by H1, but is already 
in the electroproduction regime.

6. Summary

The first measurement of the polarisation of coherent J∕� photopro-
duction in ultra-peripheral Pb–Pb collisions, using data at 

√

�NN = 5.02

TeV, has been carried out by the ALICE Collaboration. The �� , �	, ��	
parameters have been evaluated in the helicity reference frame in the 
rapidity interval −4 < � < −2.5. The �� parameter has been found to 
be consistent with unity, and the other two parameters are found to be 
consistent with zero, indicating that coherently produced J∕� mesons 
are transversely polarised as required for �-channel helicity conserva-
tion. The measured polarisation parameters are found to be compatible 
with those reported by the H1 Collaboration for J∕� photoproduction 
in electron–proton interactions at lower energies, and evaluated in the 
helicity frame and using the spin density matrix formalism. This anal-
ysis represents the first experimental evidence that coherent J∕� in 
ultra-peripheral Pb–Pb collisions at high energies is consistent with the 
photoproduction mechanism and the �-channel helicity conservation hy-
pothesis.
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